Abstract. In this paper the application of neutron diffraction for measuring the thermal strain field in the vicinity of the weld pool during submerged arc welding is described. The aim of the research was to determine the influence of a welding process modification on the thermal strain within a sample rod. The welding experiment was carried out on the instrument STRESS-SPEC at the MLZ FRMII facility in Garching, Germany. Submerged arc welding equipment with additional cold wire feeding was adapted to the diffractometer and thereon single layer bead-on-plate welds were carried out. Sample rods made of the nickel base alloy 625 were used. The measured strain values are presented and discussed with respect to the resulting weld bead geometry and the thermal profile within the sample.
Introduction
The application of arc welding processes on metallic materials implies high gradients of temperature, strain and stress due to the high power density of the moving heat source. Besides the deterioration of mechanical properties, the buildup of residual stresses follows up the thermal manufacturing processes (Figure 1 left) . For the estimation of residual stresses within welded components, it is therefore inevitable to know the transient temperature-and strain fields in the weld zone. Furthermore thermomechanical models for the description of the materials behavior are needed to understand the development of stress and distortion.
The description of thermomechanical behavior of materials subject to welding relies on continuum mechanics principles which are well established. Nevertheless it is still difficult to estimate the resulting distortion and residual stress in welded structures due to the complex superposition of influencing factors. Experimental investigations to analyze the stress and strain during welding have been conducted in the past to achieve a deeper knowledge of the physical processes leading to buildup of residual stresses. These experiments relied on various surface strain measurement principles as strain gauges on the base metal surface, e.g. [1] or Digital Image Correlation [2] . Another approach is the application of neutron diffraction for the determination of the in-depth-strain state. A first experiment using TIG remelting of a 316L sample has been described in [3] and [4] , which showed the feasibility of using a quasi-stationary welding setup.
A central issue in welding of high alloyed steels and nickel based alloys is the formation of hot cracks. These welding defects occur if a critical combination of chemical composition, mechanical load and welding parameters are used. Therefore it is difficult in high performance welding processes to hit the suitable parameter window. The submerged arc welding process (SAW) is such a high performance welding process and it is often applied for manufacturing of thick walled components because of its high deposition rate, deep penetration and process stability. In some nickel base alloys it is difficult to set up even a SAW process with sufficiently low heat input to prevent hot crack formation. Furthermore the loss of alloying elements through burn-off to the slag limits the feasibility of SAW for creep resistant nickel based alloys. To overcome these restrictions the submerged arc welding with cold wire addition (SAW-CW) process has been investigated in the past [5] [6] [7] . Slight evidence for lower hot crack formation when using SAW-CW led to the conduction of a in-situ-diffraction experiment to compare the process induced elastic strains in the hot surrounding zone of the weld pool. Figure 1 
Experimental Approach
The common SAW process is carried out using a continuously fed wire electrode. By applying the welding voltage between the contact piece and the base metal, an electric arc burns under the welding flux which is melted to form the slag pool. Metal vapour and gasified slag components form the cavity wherein the electric arc burns and the metal droplet transfer takes place. The SAW-CW process complements an additional welding wire, which is fed into the weld pool behind the welding electrode. Since there is no voltage applied between additional wire and base metal, the melting is exclusively induced by the excessive heat of the weld pool. In this arrangement the loss of alloying elements is reduced as the droplet does not pass the arc zone. The electrical process characteristics are not influenced by the cold wire feeding, so that no change in heat input occurs. A change of weld pool geometry and thermal field is the result of the additional wire feeding. The weld bead buildup increases with additional wire feeding whereas the penetration depth is reduced [5] .
The SAW-CW leads to reduced peak temperatures near to the fusion line, but the overall cooling time of the weld metal is mostly uninfluenced [6, 8] . This could be caused by the reduced heat dissipation area between the weld pool and the base metal, which is a result of the weld pool migration out of the base metal.
In this study a high temperature nickel base alloy 625 has been used for the experiments. It consists of a fully austenitic microstructure with solid solution hardened matrix. The composition is given in Table 1 . The welding setup was installed on the sample table of the materials diffractometer STRESS-SPEC at the FRMII neutron source in Garching, Germany (Figure 3 For the in-situdiffraction experiment steady state boundary conditions were needed as the attentuation of the neutron beam while passing through the sample volume led to a minimum time of 30 seconds to achieve an evaluable diffraction peak. This was done by installing the sample rod of the dimensions 20 x 20 x 500 mm³ on a linear sample table. The position of the welding head was chosen so that the position of diffraction gauge volume with regard to the electrode tip stayed constant. After completion of a runon stage the gauge volume stayed along the same isothermal line for the whole data acquisition time. This arrangement implies that for every measuring point and spatial orientation, a whole sample rod had to be welded. To compare the influence of the welding process on the strain field two welding parameter sets were defined ( Table 2 ). The only difference was the cold wire addition in the second set, while all other welding parameters stayed constant.
For both the electrode wire and the cold wire, a commercial welding wire S NI 6625 (ISO 18274) with a diameter of 1.6 mm was used. The welding flux was SA-AB 2 ( ISO 14174).
For every measuring point the strain in longitudinal direction (parallel to welding direction) and transverse direction were measured. Since the high thermal gradient within the gauge volume of 3 x 3 x 2 mm³ was suspected to cause extreme peak broadening, every measurement was repeated three times, which sums up to six samples per measuring point. Table 2 For the determination of the measuring point location, weld width and penetration depth were determined in preliminary welding experiments using the same welding parameters and materials. It was found that only a slight reduction in penetration depth was achieved when cold wire was fed into the weld pool with 25 % of the electrode speed (Figure 4 ). Since the SAW process comprises a flux covered welding zone, the length of the weld pool can only be determined by removing the weld pool. Table  2 One possible method consists of blowing out the liquid metal with a high pressure gas stream, while the welding process is shut down [10] . The results are given in Table 3 . Four gauge volume locations (MP1-MP4) were selected taking into account the position of the fusion line ( Figure 5 ).
Figure 4: cross section of SAW (left) and SAW-CW (right) weld beads on Alloy 625 sample rods, welding parameters acc. to
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Figure 5: schematic overview of the gauge volume locations
Results
For both welding parameter sets, the chemical analysis of the weld metal is given in Table 4 . A slight increase of chromium and molybdenum content in the weld metal could be observed due to the lower burn-off in SAW-CW. The lower iron content however is a result of the lower dilution compared to the SAW process. Due to the relatively low cold wire addition, there is no substantial difference in chemical composition between both variants. The temperature measurement was carried out using type K thermocouple wires, which were welded on the ground of cylindrical holes inside the sample rods. The hole depth corresponded to the position of the gauge volume. Since the geometrical extent of the gauge volume led to thermal gradients of several 100 K, the measured values could only be processed as calibration data for a numerical model of the temperature distribution within the sample. Therefore the software simufact.welding has been used. However the temperature to consider is the spatial integration over the gauge volume, since the low thermal conductivity of Alloy 625 leads to steep thermal gradients ( Figure 6 ).
The neutron experiment was carried out using a constant wavelength of 1.55 Å which was achieved through the application of a Si(400) monochromator. For the measurement of strain by neutron diffraction at steady state sources, the 311-peak seems to be the most eligible, since it is least affected to integranular stresses [11] . The average value of lattice plane distance for the 311 peak is shown in Figure 7 . However these results show the combined influence of thermal expansion and load or restraint induced elastic strain. A methodology to separate thermal strains and load strains was applied by performing a furnace experiment on the same diffractometer. Therefore a cylindrical sample (d = 6 mm) was mounted within the diffraction furnace and heated stepwise up to 1200 °C. During every temperature step of 25 °C a diffraction pattern was acquired. The strains were calculated from the diffraction data, using Eq 1, where d refers to the actual lattice plane distance, d0 to the load-free and homogenous tempered lattice plane distance for the respective temperature. 
The calculated strain values are given in Figure 8 . For the SAW strain in longitudinal direction it can be seen that there is a zone of tensile strain behind the welding electrode (MP4). With increasing distance to the electrode, the tensile strain relaxates to nearly zero. For the SAW-CW process, the tensile strain in longitudinal direction is significantly lower. Furthermore compressive strain is the leading influence afterwards. In transverse direction the strain distribution appears to be different. The SAW-CW process induces high tensile strain behind the solified weld pool in here. This could be caused by a geometrical effect which is due to the small width of the sample. Since the weld penetration area and the peak temperatures in SAW are higher compared to SAW-CW, a larger proportion of the total width of the sample is subject to softening. The lower dilution and higher weld buildup in SAW-CW will result in a higher restraint intensity. Furthermore the zone of deep penetration of the weld pool is much smaller in SAW-CW. For moving heat sources a compressive plastic zone is found near to the weld pool before the peak temperature is reached. After the peak temperature has been reached the strain state changes to plastic tensile strain [12] . When considering Figure 8 this is reflected by both welding processes. Even though the integral temperature of the gauge volume is lower at position MP4, the formation of hot cracks will originate from this position on near to the fusion line. Since the longitudinal strain is compressive for SAW-CW a lower risk of hot crack formation is suspected. For wider samples, the transverse tensile strain for SAW-CW is expected to become compressive, as stated before. This has to be proved within further investigations. 
Conclusion
The measured strain field during welding with both processes shows a direct relationship to geometrical and thermal influencing factors. It complies with fundamental descriptions of stress and strain in the zone around the weld pool [12] . Based on the experimental results a slightly lower portion of tensile strain in the deep penetration area of the weld pool could be observed but it is still unclear if there is a direct relationship to the formation of a lower hot cracking risk.
However this reflects the limitation of the method stemming from the necessary use of relatively large gauge volume. To overcome this restriction in future experiments, the use of synchrotron radiation for in-situ strain measurement will be taken into account. A transient measurement of strain at the fusion line could give clearer results.
Summary
Within this work, neutron diffraction measurements during welding have been carried out to compare the influence of SAW and SAW-CW on the resulting strain field in the base metal near to the fusion line. For the considered nickel base alloy 625 it was shown that the strain field in longitudinal direction has a higher tensile proportion for SAW. The higher tensile strain in transverse direction was put down to the restraint condition and sample geometry in SAW-CW. For future work a smaller gauge volume is needed to enhance the current results. 
